Hemodynamics during supine graded exercise were measured in 7 healthy aged and 20 young. The maximal work load in the aged was about one half of that in the young. Cardiac output (CO) increased linearly with increasing work load, but its maximal value was markedly lower in the aged than in the young (11.2± 1.1 vs. 19.7± 1.0 liter/min ; M± SE.) Although CO at each level of submaximal exercise was essentially the same in both groups, the aged had smaller increases in stroke volume (SV) and systemic vascular conductance (SC), corresponding to larger increases in heart rate and mean blood pressure. An increase in SV during exercise was achieved from a greater systolic emptying force rather than Frank-Starling effect. A small increase in SC suggested the decreased arteriolar vasodilation in the working muscles. Thus, in the aged, both the reduced myocardial contraction reserve and increased afterload contributed to a small increase in SV during exercise. Plasma norepinephrine concentration in the aged was higher than in the young at rest (240+37 vs. 159+30 pg/ml), and both groups showed similar high levels at exhaustion (715 + 121 vs. 702 + 99 pg/ml ). These demonstrated that the sympathetic activity during exercise remained unchanged and the cardiac response to sympathetic stimulation declined with age.
function at rest and during exercise in healthy old males in comparison with those in healthy young men, and to clearify the relation to sympathetic activity.
SUBJECTS AND METHODS
The study was performed in 7 healthy old men aged 70 to 78 years, who had lived at an old age home in a Japanese local city (Yamagata). Control group for comparison consisted of 20 young male volunteers aged 19 to 37 years recruited from the staff and students of Yamagata University and businessmen. All subjects had no history of cardiovascular disease and showed normal physical examination and laboratory findings, including chest X-ray, respiratory function, hematological and biochemical examinations. They had normal resting and stress ECG.
Informed consent was obtained from all subjects. Subjects were studied in supine position on an exercise table. A 21 G polyethylene tube was fixed percutaneously in the right brachial artery, and an 18 G teflon tube was placed in a superficial cubical vein for dye injection and blood sampling. Resting blood pressure, cardiac output and left ventricular dimension were measured at 15 min after the subjects' feet were placed on the pedals of an electrically braked bicycle ergometer (Siemens-Elema 380 B) attached to the table. Each subject was kept in a fixed position on the table by means of shoulder support to reduce the truncal movement accompanied with heavy exercise.
Leg exercise was started at 25 W and increased by 25 W every third minute until the subjects were exhausted. Phasic and mean arterial pressures were measured with strain gauge transducers. The mid chest plane was taken as the zero reference. Cardiac output was determined by the indicator dilution technique with a densitometer (Nihon Kohden MLC-400). Left ventricular dimension was obtained from M-mode echocardiograms taken from the third or fourth intercostal space along the left sternal border. Echocardiograms were recorded on a strip-chart recorder at 50 mm sec paper speed, and were used only when the same anatomic landmarks were clearly defined at the tip of the mitral valve throughout the study. During exercise, ECG and arterial pressure were monitored continuously, and cardiac output and left ventricular dimension were measured during the last 30 sec of each step. Stroke volume was calculated as the ratio of cardiac output to heart rate, and systemic vascular conductance was determined as the ratio of cardiac output to mean arterial pressure.
Blood samples for norepinephrine measurements were obtained at rest and at exhaustion. Samples were collected in chilled glass tubes containing EDTA-Na, centrifuged at 4° C, and the plasma was stored at -80°C until assay. Norepinephrine was assayed by a modification of the method of Kissinger et al. (1977) using liquid chromatography with electrochemical detection (Yanagimoto VMD-101). Sensitivity of this assay was 20 pg (Takahashi et al. 1983) .
Hemodynamic measurements at rest and those obtained during exercise were compared using the paired t test. The values are expressed in terms of mean ± SE.
RESULTS
The results of the resting hemodynamics and plasma norepinephrine concentration (NE) are indicated in Table 1 . With respect to cardiac output (CO), heart rate (HR), stroke volume (SY) and diastolic blood pressure (BPd) the aged and young groups were not significantly different, while systolic (BPs) and pulse pressures were high in the aged. Norepinephrine concentration in the aged was significantly high under the resting state.
Exercise tests revealed that the maximal work capacity in the aged was about . Norepinephrine levels at exhaustion attained similar high concentrations in both groups (715 + 121 vs. 702 + 99 pg/ml ). Fig. 1 shows the relationships between HR, SV and CO. In both groups, CO and HR increased linearly with increasing work load. Although the maximal CO measured was low in the aged, the values at corresponding stage of submaximal work level were essentially the same as compared with the young. It is noteworthy that for the same CO, the aged had the small increase in SV and the large increase in HR. systemic vascular conductance (SC) and CO. The mean blood pressure at the maximal work load was much greater in the aged than in the young (153 + 8 vs. 125± 3 mmHg). Similarly, BPm at each step of submaximal work loads was also high in the aged, corresponding to the smaller increase in SC. Dimensional analysis during exercise is depicted in Table 3 . Graded exercise led to an unchanged end-diastolic diameter (EDD) associated with a stepwise decrease in end-systolic diameter (ESD), and consequently an increased stroke dimension in both groups. However, a decrease in ESD was more striking in the young. . However, cardiovascular function in the healthy aged has not necessarily been clear, because of difficulty of separating heart disease from age-related change, technical limitation for evaluating left ventricular dimension relying on the usual cardiac catheterization technique, and unwillingness for physical exhaustion in the aged. Our study used echocardiography as a means of measuring left ventricular internal dimensions during exercise in place of the left ventriculography. We selected 7 healthy subjects of eighth decade, based on the past history, physical and laboratory data, and positive attitude for exercise test. As shown in Table 2 , the average maximal work load in the aged was equivalent to one half of that in the young. At the maximal work load, the aged had a lower HR as compared with that in the young. In both groups, CO increased with a roughly linear relationship as the work load progressively increased, and the highest values measured were 11.2 + 1.11/min in the aged and an early study of the young. They stated that the maximal HR, maximal CO, and maximal SV were lower in older individuals than in the young, i.e. -17%, -29%, and -15%, respectively. For the comparable submaximal work load, however, CO was the same in the aged and young. At each stage of exercise, HR was higher and SV was lower in the aged than in the young. In the aged, SV attained a plateau at 25 W, while with the young, it was progressively increased with rising work load until 75 W. Accordingly, SV at the maximal load was considered to be lower in the aged.
Left ventricular dimensional analysis by echocardiography was performed to assert whether the increase in SV during exercise was due to myocardial contractility or loading condition. In the presence of gradual elevation of arterial pressure during graded exercise, there was no change in EDD and progressive decrease in ESD, although the magnitude of decreasing ESD was smaller in the aged. Port et al. (1980) using radionuclide angiocardiography reported that ejection fraction at 85 percent of the maximal exercise showed a significant decline with advancing age and was not associated with difference in left ventricular enddiastolic volume or blood pressure. These results signify that the cardiac performance during exercise increases by an enhanced myocardial contractility rather than Frank-Starling effect, and that the ventricular contraction reserve decreases with age.
Systolic and pulse pressures at rest and during exercise were higher in the aged than in the young, reflecting the reduced elasticity of the aorta in the aged. The rise in BPm during exercise was greater in the aged despite small changes in BPd, and this was considered to be due in part to the decreased arteriolar vasodilating capacity in the working muscles.
From the standpoint of peripheral circulation, CO is represented as the product of BPm and SC. When compared the peripheral response to stress, the aged had a greater elevation in BPm and a smaller increase in SC for the same CO. Thus, the pressure load on the elderly left ventricle was correspondingly more marked during exercise than at rest (Abbound and Huston 1961; Granath et al. 1964).
As described above, a small increase in SV during exercise in the aged was related to both reduced myocardial contractility and increased afterload, which was attributable to the reduced elasticity of the aorta and limited peripheral vasodilation.
The changes in HR and myocardial contractility probably reflect an alteration in the neurohumoral activity or response to stress. However, it has been little known as to the change in plasma NE concentration during maximal dynamic exercise in the aged. In the present study, plasma NE in the aged was significantly high under the resting state, showing the increased sympathetic activity. Norepinephrine concentration at physical exhaustion attained a similar high level in both the aged and young. Thus, cardiac performance in response to similar NE release was smaller in the aged. Recent studies by Ziegler et al. (1976 ) have also pointed out that plasma NE increase with age, particularly during stress test. Lakatta et al. (1975) reported that the inotropic response to catecholamines was depressed in the aged rat. According to Conway et al. (1971) , age differences in SV during exercise are minimized by the administration of propranolol. It was considered from these NE data that the diminished cardiac performance in the aged was caused by the decreased response to sympathetic stimulation rather than the diminished neurohumoral activity.
